Operando 23 Na solid-state NMR and pair distribution function analysis experiments provide insights into the structure of hard carbon anodes in sodium-ion batteries. Capacity results from ''diamagnetic'' sodium ions first adsorbing onto pore surfaces, defects and between expanded layers, before pooling into larger quasi-metallic clusters/ expanded carbon sheets at lower voltages.
Sodium-ion batteries are an attractive option for low-cost and environmentally benign energy-storage technologies. Whilst graphite shows almost no ability to store sodium electrochemically, nongraphitizable hard carbons demonstrate good reversible capacity and are among the cheapest proposed anode materials to date. [1] [2] [3] Early studies reported two electrochemical processes: a sloping region followed by a process close to 0 V versus sodium. By analogy with the lithium system, it was suggested that sodium insertion proceeded via a two-stage mechanism associated with these two electrochemical signals: intercalation of sodium between nearly parallel layers, followed by the formation of metallic species within the pores of the material at low voltages, 4 experimental support for this mechanism coming from small-angle X-ray scattering data. 5 These studies indicated that pores are filled during the low-voltage process, the same authors later attributing a change in intensity of the graphitic (002) reflection to sodium intercalation within the structure. 2 However, other reports propose alternative mechanisms. For example, Gotoh et al. did not observe metallic sodium environments in ex situ 23 Na solid-state nuclear magnetic resonance (ssNMR) studies. 6 Recent density functional theory (DFT) calculations generated similar electrochemical profiles to those seen experimentally through consideration of intercalation alone: at higher voltages, Na intercalates near mono-and di-vacancy defects, essentially complete charge transfer to the carbon sheets takes place (charge primarily being localised near the defects) resulting in ionic Na + ions. This increased iconicity was proposed to help to overcome the van der Waals attractions holding the graphene layers together. 7 The low voltage region is then ascribed to further intercalation in graphitic interlayer spaces near the defects, in combination with intercalation between layers with larger interlayer spaces. Most recently, a range of hard carbons at different annealing temperatures were prepared, and the number of structural defects was quantified via the ratio of the areas of the Raman G and D band peaks. 8 A correlation between the D : G band ratio and the observed capacity during the sloping region was then observed, intercalation being proposed to occur at lower voltages. The same authors presented pair distribution function (PDF) analysis of neutron scattering data for their carbons, analysing the size of the graphene domains in these materials. In the following, we explore the different proposed mechanisms for sodium insertion, studying a commercial hard carbon using X-ray total scattering PDF analysis and 23 Na ssNMR. We see distinct electronic and local structures for the Na inserted in the higher and lower voltage processes.
The PDF for the pristine hard carbon, derived from the Fourier transform of the corrected, normalised total scattering data, is shown in Fig. 1a . The position of peaks in the PDF, which correspond to atom-atom distances within the structure, are well-matched to those in a graphene fragment. The position and intensity of peaks at interatomic distances, r, greater than 5 Å deviate strongly from those observed in the PDF for graphite ( Fig. S2 , ESI †), implying nonparallel stacking of graphene fragments within the hard carbon. Peaks are observed until around 25 Å. The loss of the correlations beyond this distance arises from disorder within the structure; a combination of sheet curvature (caused in part by defects within the graphene sheets) or termination of the carbon fragments is likely to be responsible. Curvature may result from small numbers of nonhexagonal carbon rings; however, our PDF data does not show major correlations at the expected distances for 5-or 7-membered rings ( The experimental PDF can be simulated using a starting model of graphite, with large displacement parameters in the c-lattice direction; this is used to model disorder between fragments (i.e., layer stacking) (model in Fig. 1a ). An extended unit cell parameter in the c-direction accounts for the lower density of the hard carbon compared to graphite (1.52 g cm À3 compared to typical values of 2.26 g cm À3 ). 10, 11 This model can account for significant turbostratic disorder in the material, as has been suggested by PDF studies of similar materials. 8, 9, 12 Real-space least-squares refinements of this graphite-derived model against experimental PDF data are unable to fit the entire r-range of the dataset using a single value for the a-lattice parameter. Instead, we discover a systematic decrease of the a-parameter in refinements against data in longer interatomic distance ranges. The PDF simulated for a planar graphene sheet using the a-parameter obtained from refinement of the model against low-r peaks (1-5 Å) consistently overestimates the position of peaks at high-r (410 Å). This means that atoms in the graphene sheet are found to be systematically closer together with increasing r than would be predicted by a planar arrangement, implying a significant degree of curvature of the fragments. We estimate the average radius of curvature for the graphene fragments as approximately 16 Å. Further details of these refinement calculations are given in the ESI. † This result implies a more complex arrangement of fragments in space than the commonly used ''house-of-cards'' model. 4, 13 Notably, we would expect fewer parallel layers and a wider range of interlayer spaces.
Operando 23 Na ssNMR experiments are able to probe different local atomic environments present during cycling, and additionally are not susceptible to degradation or relaxation effects that might affect the ex situ results. 14 Two peaks at À10 ppm and 1135 ppm are observed for the pristine electrochemical cell corresponding to the NaPF 6 electrolyte and the sodium metal counter electrode, respectively (Fig. 2) . During the initial sloping electrochemical process, down to a voltage of 0.8 V, only changes to the intensity in the region around 0 ppm are observed. This is consistent with either the formation of diamagnetic species within the bulk of the electrode or of electrolyte decomposition on the surface to form the solid-electrolyte interphase (SEI) layer. At voltages lower than 0.8 V, an additional signal at approximately À40 ppm emerges and grows in intensity. Throughout the low voltage region of the electrochemistry, (i.e., below 180 mV) this peak continues to grow but now proceeds to shift to higher frequencies, finally reaching 760 ppm at the end of sodium insertion. Upon sodium removal, the reverse of these processes occurs, returning to a spectrum showing only the original two features. The behaviour is identical on subsequent cycles.
Ex situ 23 Na magic-angle spinning (MAS) ssNMR spectra were obtained in order to gain additional resolution in the diamagnetic shift region without overlap from an electrolyte signal ( Fig. 3 and Fig. S8, ESI †) . The spectra are consistent with the operando measurements; two regions of intensity are observed with peak maxima at À70 ppm and 660 ppm, which appear at similar states of charge to the operando measurements. It should be noted that differences in the value of the shift between static and MAS spectra are commonly observed owing to bulk magnetic susceptibility effects. 15 Additional peaks in the ex situ spectra are assigned to sodium present in the SEI and residual electrolyte (ESI †). The observation of the shifted peaks at positive frequencies in the ex situ spectra is highly dependent on the time for which the cell was allowed to rest prior to recovering the electrode, with relaxation occurring over the course of several hours; this observation indicates that the material formed after sodium insertion continues to react with electrolyte resulting in self-discharge and oxidation of the electrode. The samples, once extracted from the cell, were also found to be highly air and moisture sensitive and extreme care needed to be taken to prevent unwanted side reactions; these factors may explain why peaks in this frequency range were not observed in the previously reported 23 Na NMR spectra. 6 Additional spectra obtained at two different magnetic fields (Fig. S9, ESI †) indicate that the shift of the signal with a peak maximum at À70 ppm is dominated by second order quadrupolar coupling. Fits of these spectra (see ESI †) reveal an isotropic shift of approximately À4 ppm, this small negative shift being at least in part ascribed to the ring current (local field) effects observed for ions above graphene sheets and fragments. 16, 17 This indicates that the sodium that is initially inserted at higher voltages is ionic in nature, implying essentially complete transfer of spin density Fig. 1 (a) Experimental PDF data for pristine hard carbon and a PDF simulated using a turbostratically disordered graphite model (offset below); (b) difference PDFs of hard carbon anodes at various states of charge. The red line (top) corresponds to a sample discharged to 300 mV, the blue (middle) to 180 mV and the green (bottom) to 5 mV. Difference PDFs were r-averaged over termination ripples. The red * highlights the range over which additional interactions are formed in the high-voltage process, the green * highlights the additional interactions observed during the low-voltage process. Weaker peaks are a result of minor changes to the carbon structure and termination ripples. Full data and further details can be found in the ESI. † from a Na atom to the carbon sheets, i.e., the presence of Na + ions. Furthermore, this observation suggests that there is little disruption to the aromatic ring currents that give rise to this phenomenon during the sloping region, consistent with mechanisms that localise charge near the carbon defects and not throughout the graphene sheets. We therefore suggest that sodium is largely deposited on pore walls and in interlayer regions, most likely near defects.
The shift of the resonance to positive frequencies during the low voltage region of the electrochemistry, observed both during the operando experiment and ex situ (Fig. S8, ESI †) , indicates that the local structural and/or electronic environment of the sodium ions that were inserted at higher potentials changes as more sodium is incorporated into the structure at lower potentials. This shift is due to an increased contribution from the Knight shift, which arises from the interaction of the nuclear spins with the unpaired electrons located at the Fermi level of the conduction band, 15 larger shifts indicating an increase of the Na 2s density of states at the Fermi level. This implies that the sodium species becomes increasingly metallic during this period of the electrochemistry. We ascribe this process to Na + intercalation between appropriately-spaced disordered graphene layers, along with further insertion into empty environments nearby the defects, insertion now resulting in a reduction of the more ordered graphene sheets. The Na + ÀC interaction gradually becomes less ionic as the carbon is reduced, affecting the shifts of sodium already in Fig. 2 Operando 23 Na NMR spectra for an electrochemical cell with sodium metal and hard carbon electrodes, and NaPF 6 electrolyte. Strong features corresponding largely to the electrolyte or metal have been truncated for clarity. Spectra are coloured in the region À200 to 1000 ppm according to their intensity. The corresponding electrochemistry is shown on the right-hand side and selected spectra are offset below. The cell was cycled at a rate of C/20 (corresponding to achieving a capacity of 300 mA h g À1 in 20 hours) between 2 and 0.05 V, and held at the end of each discharge until the current dropped to below C/100. The coulombic efficiency for the 1st cycle is 84% owing to additional capacity observed during discharge as a result of electrolyte breakdown to form an SEI layer. The coulombic efficiency increases to 97% for the 2nd cycle. Fig. 3 Ex situ 23 Na 60 kHz MAS NMR spectra of hard carbon anodes at various states of charge. The red spectrum (bottom) corresponds to a sample discharged to 300 mV, the blue (middle) to 180 mV and the green (top) to 5 mV. Shifts are indicated for peaks not resulting from SEI or electrolyte. Spinning sidebands are indicated with an asterisk (*). Additional spectra are given in the ESI. † environments close to the defects. Secondly, where pores are sufficiently large, extended sodium clusters are formed that are more metallic in nature, resulting in even larger Knight shifts. This is consistent with DFT calculations and experimental data, suggesting the importance of defects, 7, 8 and which also suggest that any clusters formed may be two dimensional in nature, reflecting the insertion between the expanded graphene sheets, and with SAXS measurements which imply that the carbon pores are filled at lower voltages. 5 7 Li operando ssNMR measurements on similar electrode materials exhibit a peak at low-voltage which is shifted to approximately 40% of that of lithium metal. 18, 19 This is significantly higher than for stage 1 graphite intercalation compounds (GIC), which is presented as evidence for quasimetallic lithium contained in pores. In comparison, the peak at the end of sodium insertion is found shifted to much higher values, almost 70% the shift of sodium metal. In both cases, it is possible that the larger shift is in part due to insertion between carbon sheets with larger interlayer spacing. In addition, we note that the first 23 Na resonance to appear (À40 ppm) does not appear to shift during the sloping region of the electrochemistry. This is in contrast to the 7 Li measurements, where the first peak shifts from 0 to 18 ppm during the same period. 18, 19 However, such a shift in the sodium spectra could be masked by the strong electrolyte signal around À10 ppm or could be a result of using a different hard carbon than was used in the published lithium spectra. Our preliminary PDF measurements for the electrodes after sodium insertion are consistent with this interpretation of the NMR data. A differential PDF, where the PDF for the pristine carbon is subtracted from the PDF at various points of discharge, highlights additional interactions present on the insertion of sodium ( Fig. 1b) : samples discharged to 300 mV and 180 mV along the sloping region show only minor features at very low-r (o7 Å), shown by the red asterisk in Fig. 1b . A differential PDF between the samples discharged to 180 mV and 5 mV, obtained by subtracting the PDF for the sample discharged to 180 mV from the PDF of the sample discharged to 5 mV, shows the additional structure forming during the low potential electrochemical process (Fig. 1b, bottom) implying clusters with a correlation length of approximately 10 Å are formed during the low-voltage region. These interactions are locally similar to those found in sodium-metal ( Fig. S7, ESI †) . This is consistent with increased Na ordering in this regime consistent with intercalation and/or Na pooling.
These results highlight new mechanistic aspects of the electrochemical insertion of sodium into hard carbons. Operando 23 Na ssNMR spectra are dominated by a single resonance, initially present close to 0 ppm, then shifting to positive frequencies. This is consistent with a two-stage mechanism. Ionic sodium ions are formed in the sloping region, consistent with charge localization, presumably near defects. Since defects are also responsible for creating regions with larger interplanar distances, some insertion between larger spaced graphene sheets may commence in this region, again this being associated with charge localization. At lower voltages, increased charge transfer to the Na + ions occurs, the ions becoming progressively more metallic. In this region, intercalation and Na pooling occurs, forming Na clusters or domains with coherence lengths of 410 Å. PDF data additionally indicates that the turbostratically disordered, graphene-like fragments exhibit significant curvature. This will have significant effects on the interlayer arrangements and thus the regions which are available for sodium insertion. Our results imply that control of the pore architecture during synthesis could determine the size of sodium clusters formed, and thus grant the ability to tune the relative capacities of the high-and low-voltage processes.
